INTRODUCTION
The left atrium (LA) anterior-posterior diameter was one of the fi rst standardized echocardiographic parameters. However, the clinical importance of LA size assessment has been neglected for a long time. Recent population-based studies have demonstrated the prognostic value of LA size for long-term outcome. Furthermore, with new dedicated techniques such as tissue Doppler imaging, it has become feasible to assess (regional) LA function. In addition, the introduction of catheter ablation procedures has changed the treatment of patients with drugrefractory atrial fi brillation (AF) dramatically. New image integration systems have become available for these catheter ablation procedures. With the use of image integration systems, a real anatomical 'roadmap' of the LA is provided for catheter ablation procedures. All these factors may explain the renewed interest in LA anatomy.
In the present manuscript, the importance of assessment of LA size and LA anatomy is discussed. Furthermore, the various imaging modalities that are available for the non-invasive visualization of the LA will be reviewed. In addition, the role of these imaging techniques in catheter ablation procedures for AF will be discussed.
CAUSES AND MECHANISMS OF LA DILATATION
In large population-based studies, it has been demonstrated that LA size is an important predictor of cardiovascular outcome (1-3). Tsang et al (3) recently demonstrated that a larger indexed LA volume predicted a higher risk of cardiovascular events after adjustment for age, gender and other covariates. Patients with a severely increased left atrium (≥40 ml/m 2 ) had the highest risk for the development of cardiovascular events (hazard ratio 6.6) (3).
Left atrium dilatation can occur in a broad spectrum of cardiovascular diseases including hypertension, left ventricular dysfunction, mitral valve disease and AF. In general, two major conditions are associated with LA dilatation: pressure overload and volume overload (4) . LA volume overload frequently occurs in the setting of mitral regurgitation. Pressure overload is most frequently caused by an increased LA afterload, secondary to mitral valve disease or LV dysfunction (4). Pritchett et al (5) demonstrated a close correlation between LA volume and the severity of diastolic dysfunction after adjusting for the presence of covariates including age, gender, cardiovascular disease, ejection fraction and left ventricular mass. Accordingly, it has been suggested that whereas LA volumes represent long-term exposure to elevated pressures, Doppler measures of fi lling pressures rather represent the actual LV fi lling pressures at one point in time (6) .
Atrial fi brillation is another important factor associated with LA dilatation. Atrial fi brillation is the most commonly encountered cardiac arrhythmia, and the association of LA enlargement and AF has been well recognized (1, (7) (8) (9) (10) . However, whether AF causes LA dilatation or vice versa still remains controversial. Several studies suggest that LA enlargement may cause AF (1, 7, 8) . In the Framingham Heart Study (7), M-mode derived LA size was an independent risk factor for development of AF. More recently, Tsang et al (1) demonstrated that LA volume (assessed with a modifi ed biplane method) was a strong predictor of AF, incremental to clinical risk factors (1) . However, other studies have revealed that LA enlargement may be the consequence of AF (9,10). Dittrich et al (10) demonstrated that AF was an independent predictor of LA size in a large cohort study with 3465 patients with AF.
THE IMPORTANCE OF LA SIZE AND ANATOMY ASSESSMENT
Assessment of LA size is important since it has been shown to provide strong prognostic information. The incremental value of LA size over conventional risk factors has been demonstrated in several studies (3, (11) (12) (13) . In the Framingham Heart study (13) it was demonstrated that LA enlargement was a signifi cant predictor of death in both men and women. The relative risk of death per 10 mm increment in LA size was 1.3 for men (95% CI 1.0-1.5) and 1.4 for women (95% CI 1.1-1.7).
In particular, assessment of LA size is important in patients with AF. The guidelines on management of patients with AF recommend a standard 2-dimensional and Doppler echocardiogram, with assessment of LA size and function, in the clinical evaluation of all patients with AF (14) . Osranek et al (12) demonstrated the predictive value of LA dilatation in patients with lone AF. In this population-based study with a median follow-up of 27 years, it was noted that in patients with lone AF, LA volume was a strong predictor of adverse events (cerebrovascular event/ acute myocardial infarction/ heart failure hospitalization/ death), independent of age and clinical risk factors (12) .
The assessment of LA anatomy is important in the setting of catheter ablation procedures for AF. Although there is still debate concerning the best ablation strategy and the exact lesion set, knowledge on LA and pulmonary vein anatomy is mandatory, both before and during the ablation procedure. Both anatomical (15) and in vivo studies with diff erent imaging modalities (16) (17) (18) have shown that LA and pulmonary vein anatomy is highly variable. Diff erent non-invasive imaging modalities are available for assessment of LA size and anatomy. The various techniques and their clinical relevance/ applications will be discussed in the following paragraphs.
MULTI-MODALITY IMAGING OF THE LEFT ATRIUM Echocardiography
For assessment of LA size various echocardiographic techniques are available, including transthoracic, transesophageal and intracardiac echocardiography. Transthoracic echocardiography is most commonly used in daily clinical practice to assess LA size. Both transesophageal and intracardiac echocardiography are mainly used during interventions for AF, such as cardioversion (transesophageal echocardiography) and catheter ablation procedures (intracardiac echocardiography).
Transthoracic echocardiography Feigenbaum was the fi rst to demonstrate the correlation between LA dimension assessed with one-dimensional M-mode echocardiography and angiographic LA size (19) . Afterwards, the development of two-dimensional echocardiography has expanded the insight in LA size and morphology. Nowadays, various established parameters for assessment of LA size are available (20) . The LA anteroposterior diameter of the left atrium as assessed with M-mode is most commonly used in daily clinical practice and in large studies. However, it is not suffi cient to determine true LA size, since M-mode represents only one dimension of the LA (21) . In particular in LA enlargement, which may result in an asymmetrical geometry of the LA, M-mode echocardiography may underestimate LA size. Therefore, optimal assessment of LA size should include LA volume measurements (20, 21) . Various methods for the assessment of LA volume with two-dimensional echocardiography are available, including the cubical method, area-length method, ellipsoid method, and Modifi ed Simpson's rule (Table   1 and Figure 1 ). In a prospective study including 631 patients (22) , it was demonstrated that the biplane area-length method and the biplane Simpson's method compared closely (mean LA volume 39 ± 14 ml/m 2 and 38 ± 13 ml/m 2 , correlation coeffi cient 0.98) , whereas the ellipsoid method systematically underestimated LA volume (mean LA volume 32 ± 14 ml/m 2 ). Recently, TEE is considered the procedure of choice for assessment of thrombi in the LA cavity or LAA.
It can detect thrombi with a high degree of sensitivity and specifi city varying from 93 -100% (27) . In addition, TEE is helpful in assessment of LAA emptying velocities, which are correlated with thrombus formation (velocities <20 cm/s) and with maintenance of sinus rhythm after cardioversion (velocities >40 cm/s) (28) . Furthermore, TEE may be of great value in performing transseptal punctures in AF ablation procedures. 
Intracardiac echocardiography Intracardiac echocardiography (ICE) is only used during inter-
ventional procedures, such as percutaneous closure of atrial septal defects and catheter ablation procedures. Therefore, no standardized measurements of LA size or volume are available.
During these interventional procedures, ICE can accurately visualize LA anatomy and related structures (29) . Furthermore, it allows visualization of intracardiac devices and catheters, and it is helpful in monitoring potential complications during catheter ablation procedures (30) .
Examples of intracardiac echocardiograms are shown in Figure 3 .
In addition, the Doppler capacities of ICE allow for monitoring of pulmonary vein narrowing and may predict the recurrence of AF after ablation (31 
Multi-slice computed tomography
The application of multi-slice computed tomography (MSCT) in cardiac imaging has rapidly expanded in the past few years. Since MSCT has an excellent spatial and temporal resolution, it can accurately quantify LA volumes, by using the modifi ed Simpson's method (33) . However, because of the radiation exposure and the use of contrast agents, MSCT is not routinely used for the assessment of LA size.
For AF ablation procedures, MSCT is a valuable tool to depict LA anatomy (34) . With the use of volume-rendered reconstructions, MSCT can provide detailed information on LA and pulmonary vein anatomy ( Figure 4 ). Since LA and pulmonary vein anatomy is highly variable, MSCT may off er a 'road-map' for ablation. The exact role of MSCT in ablation procedures is discussed in one of the following paragraphs. of the normal range, and best discriminated normal from abnormal hearts (35) . Similar to MSCT, a modifi ed Simpson's method can be used to determine LA volumes. However, due to its relatively long acquisition times and the cumbersome data analysis, LA volume assessment with MRI is not performed in daily clinical practice. MRI can provide detailed information on LA and pulmonary vein anatomy before catheter ablation procedures, and is a useful tool in the follow-up of patients after the ablation procedure. This will be discussed in more depth in one of the following paragraphs.
Magnetic resonance imaging
Several studies have compared the value of the diff erent imaging modalities for the assessment of LA size and volumes (23) (24) (25) (26) 36) . Two-dimensional transthoracic echocardiography (using the biplane methods) may underestimate true LA size, as compared with computed tomography (36) or magnetic resonance (25) . However, these three-dimensional techniques are not preferred for LA size assessment in daily clinical practice. In this respect, new threedimensional echocardiography is a promising technique that is widely available and provides accurate information on LA size (24) . 
IMAGING OF LA FUNCTION IN THERAPY FOR AF
As previously discussed, the association between LA remodeling and AF has been well rec- With the use of new techniques such as strain imaging, LA dysfunction following cardioversion can also be assessed (42) . In 37 patients with chronic AF, it was noted that immediately after cardioversion regional LA function was depressed compared with healthy controls. However, 6 months after successful cardioversion a signifi cant increase in LA strain was observed. The maximal increase in regional LA strain occurred within 1 month after cardioversion (42) . This observation is in concordance with previous studies (43, 44) and suggests that 'atrial stunning'
following cardioversion is a function of the preceding AF, rather than the cardioversion itself.
Catheter ablation has been demonstrated to be successful in the restoration of sinus rhythm, and is performed in an increasing number of patients with symptomatic drug-refrac- 
IMAGING IN CATHETER ABLATION PROCEDURES FOR AF

Multimodality imaging
Catheter ablation procedures are being performed in an increasing number of patients world- MSCT and MRI (Figures 8 and 9 ) provide detailed information on the anatomy of the LA and pulmonary veins. With the use of volume-rendered three-dimensional reconstructions and cross-sectional images, the number of pulmonary veins and their branching pattern can be accurately assessed (Figure 10) . Furthermore, the diameters of the pulmonary vein ostia can be measured on the diff erent orthogonal planes. In addition, MSCT may identify the presence of thrombi in the LAA and provide detailed information on surrounding structures, such as the Advantages of the image integration systems include the possibility to monitor the exact catheter position in relation to the endocardial border, the pulmonary veins and the surrounding structures ( Figure 14) . Hereby, potential complications such as pulmonary vein stenosis and atrio-oesophageal fi stula may be avoided.
Recently, Kistler et al (54) compared 47 patients treated using conventional mapping alone with 47 patients treated using MSCT image integration. In the image integration group, fl uoroscopy times were signifi cantly shorter (49 ± 27 minutes vs. 62 ± 26 minutes, p<0.05) and the number of patients with maintenance of sinus rhythm without anti-arrhythmic medication was signifi cantly higher in the image integration group (83% vs. 60%, p<0.05) (54) . However, these data have to be confi rmed in larger, randomized trials.
One of the limitations of the new image integration technique is the time interval between the MSCT / MRI scan and the actual ablation procedure. Obviously, diff erences in fl uid status, heart rate or rhythm are present between the two procedures, and may result in errors in the image fusion process. Furthermore, the accuracy of the image integration process may be aff ected by breathing during data acquisition and during the ablation procedure. In addition, variation of pulmonary vein location throughout the cardiac cycle may decrease the accuracy (56) . Nonetheless, the various studies (52) (53) (54) (55) have demonstrated the accuracy and the value 
